Abstract. Temporal dynamics of location of a focal point due to self-focusing of giant nanosecond laser pulses is analyzed. The location, velocity and the acceleration of the focal point are determined with taking the group speed of laser radiation into consideration. It is shown that the focal point velocity can vary from  to + but, at the output of a long Kerr cell, it is close to the group speed of light. At the front of the pulse, this velocity slightly exceeds the group speed of the pulse and becomes less than the group speed at the rear edge of the pulse. Under minimal self-focusing distance at the top of the laser pulse, the focal point velocity becomes zero. The acceleration of the focal point at the exit of a long cell can be almost zero, though it acquires a positive value at the minimal focal distance. Our results are essential while determining the efficiency of parametric stimulated Raman scattering, which requires both phase and group synchronisms along the laser pulse trace through a typical Kerr fluid.
Introduction
In optical media of limited lengths, high powers of light induce nonlinear optical processes such as a stimulated Raman scattering. These processes are mainly observed using pulsed lasers, with laser pulse durations changing from tens of nanoseconds to tens of femtoseconds, or even less. The duration of pulses affects significantly dynamics of the nonlinear processes, because the position of a region of induced nonlinear polarization and the amplitude of this polarization are changed while the pulse is developing.
The problem of influence of nanosecond-long pulse envelopes in a Kerr medium is very difficult [1] [2] [3] [4] . As a consequence of self-focusing, changes in the instantaneous power of a pulse cause changing cross-section of a laser ray and displacing region of a maximal light intensity. The efficiency of the nonlinear optical processes increases in the close vicinity of a self-focusing point, where the intensity is maximal (see, e.g., Ref. [5] regarding the relevant results for the stimulated Raman scattering). So, the spatial region where the nonlinear optical processes take place moves, too. Though such a situation is close to the case of more short pulses of picosecond or femtosecond durations, it has some additional peculiarities [6, 7] .
In the case of picosecond or femtosecond pulses, the region of the maximum nonlinear polarization amplitude moves almost with the group speed of light, while in the case of nanosecond pulses it moves with the velocity of a focal point of self-focusing. Depending on laser pulse dura-tion, the focal point velocity changes from zero near the pulse top to superluminal on the pulse front. Moreover, the sign of the velocity changes from positive, when the focal region moves in the direction of light ray, to negative in the opposite case. Thus, simultaneous consideration of the group and phase synchronisms becomes a difficult problem whenever the velocity of the focal point of self-focusing replaces the group speed of light.
The situation when the velocity of the region with the maximal nonlinear polarization amplitude is close to zero is equivalent to that occurring when conventional lenses are used, for any durations of laser pulses. However, for high enough velocities of the focal point and especially for superluminal ones, a specific situation takes place which is impossible for achieving under different conditions or by other facilities. At the superluminal speeds, there arise certain analogies with Cherenkov's radiation [8, 9] . Thus, the nonlinear optical processes excited by laser pulses of nanosecond durations extend a range of possible implementations of the nonlinear optical processes, and the same refers to the linear optical processes, too.
We emphasize that independence of the nonlinear polarization region velocity of the group and phase light speeds is in general a unique case and, perhaps, it is peculiar only to the nanosecond range of laser pulses. In this respect, theoretical and experimental studies of parametric nonlinear optical processes, which require the conditions of the group and phase synchronisms, are very important under self-focusing. In the situation of variable velocity and acceleration of the region where nonlinear polarization exists under self-focusing, nonlinear optical processes become dynamic, thus affecting the resulting spectrum of the scattered light.
Earlier, studies with this formulation of the question have not been systematic, in spite of their topical character. It has been generally accepted that the region of nonlinear polarization is limited in space and does not move under focusing by conventional lenses, or approaches the group speed of exciting pulses. Our present research has been motivated by the fact that modern technologies have progressed so drastically that, in principle, the group velocity of light can vary [9] and the shape of pulses can be controlled. The purpose of this article is to ascertain the location, the velocity and the acceleration of the focal point appearing under self-focusing in Kerr liquids for the case of nanosecond laser pulses. These characteristics have a significant effect on the dynamics and efficiency of the nonlinear optical phenomena occurring along the pulse trace. 
General relations for the velocity of focal point under self-focusing
Experimenters must take into consideration such a peculiarity of description of the self-focusing effect. In particular, it is necessary to distinguish between the focal point location ( fp z ) and the focal distance ( fd z ) itself.
If the laser power at the input of a medium ( 0 z  ) changes with time t , then we have 
Here the following question appears: what is meant by the expression 
With the notation fd  for the velocity of the focal distance, the following analytical dependence may be obtained from Eqs. (1) and (2): 
Issuing from the physical meaning of the velocity of the focal point, we obtain
After substituting Eqs. (4) and (5) into Eq. (6), we arrive at the relation
Reduction of the variable dz in Eq. (7) 
Analysis of Eqs. (3) or (8)   is illustrated in Fig. 1 . It is seen that the focal point velocity changes in a wide range for the rising and falling edges of nanosecond laser pulses. Obviously, such a situation represents a dynamic effect which imposes additional features on the evolution of optical processes in self-focusing media. 
Location, velocity and acceleration of the focal point
Quantitative description of the velocity or the acceleration of the focal point due to the selffocusing should involve, at the least, specifying dependences of the stationary focal distance on the light power at the input of the nonlinear optical medium. 
In Eq. (9) L k denotes the module of the wave vector of laser radiation in the medium, 0 a the halfwidth of the transversal intensity distribution at the level 1 e  at the entrance boundary of that medium (notice that this distribution is assumed to be Gaussian). Under small-scale self-focusing, 0 a acquires the value 100 m [12] . Note that Eq. (9) is similar to the Marburger equation [13] . The parameters of the scattered radiation can be determined experimentally [5] along the path of a laser pulse through a cell and at its exit. That is why it is important to clarify the dependence The velocity of the focal point influences the group synchronism. Then the acceleration of the focal point is also important, since it determines the distance where the group synchronism is achieved. We emphasize here that the group and phase synchronisms in self-focusing media are closely linked with each other. Moreover, the acceleration of the focal point may be examined as a function of time (see Fig. 6 ). For understanding experimental dependences of the efficiency of stimulated Raman scattering on the longitudinal coordinates, one should know the coordinate dependence of the focal point acceleration rather than the temporal one. This dependence is shown in Fig. 7 , with the laser pulse parameters taken the same as above. 
Conclusion
We have analyzed the effect of self-focusing in a Kerr liquid in the nanosecond range of laser pulse durations. The results concern the location, velocity and the acceleration of a focal point appearing due to self-focusing effect. The influence of the group speed of laser pulses is taken into consideration.
We have shown that the focal point velocity can acquire arbitrary values from  to  .
However, the focal point velocity is close to the group speed of light at the output of a long cell filled with the Kerr liquid. At the front of the pulse, this velocity becomes somewhat higher than the group speed of the pulse, though it remains slightly less than the group speed at the rear edge of the latter. Under minimal self-focusing distance at the top of the laser pulse, the focal point velocity is zero. The acceleration of the focal point can be almost zero at the exit of a long cell, but it has a fixed positive value at the minimal focal distance. The results obtained here make possible predicting efficiency of the parametric stimulated Raman scattering along the laser pulse trace through a Kerr medium. In particular, the efficiency of the stimulated Raman scattering can increase at the top of the pulse where the speed of the focal point is zero. In addition, this efficiency can become significant at the front edge of the pulse just exiting a long cell, under which conditions the group synchronism can be achieved.
